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plasticity and competitiveness contribute to their invasion 
success (Py š ek and Richardson 2007, Williamson et  al. 
2009), e.g. velocity of spread, alien range size, population 
sizes, and numbers of ecosystems invaded. In particular, the 
breadth of the realized niche (e.g. measured as number of 
ecosystem types colonized) may aff ect geographic features 
of the alien range (such as overall alien range size) (Th uiller 
et  al. 2012). 
 Successful invasions may be interpreted as the outcome of 
overcoming a series of challenges a species has to deal with 
(Blackburn et  al. 2011). However, at diff erent invasion stages 
the barriers to be overcome and hence also the underlying 
determinants of the outcome of potential invasions may dif-
fer substantially (Dawson et  al. 2009, Richardson and Py š ek 
2012), with important consequences for the management of 
invasions. It has been argued (Py š ek and Richardson 2007, 
Blackburn et  al. 2011) that for the fi rst invasion stages (i.e. 
introduction and the subsequent incipient spread, resulting 
in casual occurrences) anthropogenic factors (e.g. propagule 
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 Much research eff ort has been devoted to gain a better under-
standing of the factors that govern global invasions (Jeschke 
2008, McGeoch et  al. 2010). Besides climate and biogeo-
graphic factors, it has become accepted that the human 
dimension of biological invasions may be as, if not more, 
important in explaining invasion patterns (Hulme 2009, 
Wilson et  al. 2009, Py š ek et  al. 2010, Essl et  al. 2011b). 
In particular, large-scale assessments of invasion success 
of diff erent taxa, mostly vertebrates and vascular plants, 
highlight the important role played by introduction eff ort 
(Cassey et  al. 2004, Jeschke and Strayer 2005), current socio-
economic activities as trade, land use and transport networks 
(Leprieur et  al. 2008, Kueff er et  al. 2010, Perrings et  al. 2010, 
Hulme 2011), and residence time (Wilson et  al. 2007). Further, 
associations of alien species with diff erent socio-economic 
activities (e.g. introduction pathways, Hulme et  al. 2008, 
Wilson et  al. 2009) may result in varying invasion success. 
 Besides features of the recipient region and introduction 
history, species attributes which shape their ecological 
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pressure, increased or altered disturbance regime of habitats) 
are particularly important in fostering spread, while at later 
stages (e.g. naturalization or becoming invasive, i.e. exert-
ing negative environmental impacts (Blackburn et  al. 2014), 
environmental and species attributes become more relevant 
(Richardson and Py š ek 2012). 
 In biogeographically less well known taxonomic groups 
or regions, there is often a substantial proportion of species 
which are considered alien for a range of possible reasons 
(i.e. lack of old records, association with anthropogenic 
ecosystems, anomalous distribution), although a defi nite 
assessment is lacking or even impossible. Such putative aliens 
(hence forth termed cryptogenic species, Carlton 1996) 
are usually either not considered in analyses of biologi-
cal invasions, or, alternatively, they are included into the 
group of  ‘ true ’ alien species (but see DAISIE 2012). Both 
approaches may be inappropriate, as cryptogenic species are 
not necessarily a random subset of species, and the factors 
underlying their spread may diff er from those of  ‘ true ’ alien 
species. 
 In recent years, a substantial number of studies have 
analysed the factors shaping invasions of a range of taxa at 
large (continental to global) scales (Jeschke 2008, Leprieur 
et  al. 2008), yet profound taxonomic and geographic biases 
still remain (Py š ek et  al. 2008, Hulme et  al. 2013). In partic-
ular, the invasions of bryophytes (Bryophyta), which include 
mosses (Bryopsida), liverworts (Hepaticopsida) and the 
species poor hornworts (Anthoceratopsida) (S ö derstr ö m 
et  al. 2002, Hill et  al. 2006), have received little attention. 
A fi rst review of the impacts caused by alien bryophytes has 
shown that negative consequences for conservation (e.g. 
competition with native cryptogams in European dunes 
and mires, Klinck 2009) and socio-economy (e.g. formation 
of dense carpets of alien mosses in lawns and gardens) are 
relatively minor, yet increasing (Essl et  al. 2013b). However, 
a comprehensive assessment of the environmental and 
anthropogenic factors driving bryophyte invasions on a 
global scale is still missing. Related to this, it is unknown if 
and in which respect factors driving large-scale patterns of 
bryophyte invasions diff er from vascular plants (Richardson 
and Py š ek 2012). Diff erences are expected as bryophytes 
show several distinct features: most bryophyte species are 
weak competitors, but good stress tolerators; their associa-
tion to anthropogenic habitats is poor; dispersal across larger 
distances is facilitated by wind-dispersed spores, and low 
ornamental and economic value render deliberate introduc-
tions and trade scarce. Studying bryophyte invasions thus 
not only extends invasion knowledge taxonomically, but 
provides deeper insights into the interplay between species 
traits and human impacts on invasion patterns. 
 Based on previous work (Essl and Lambdon 2009, Essl 
et  al. 2011a) and additional updates from a range of diff erent 
data sources, we have recently compiled the fi rst global scale 
data set on bryophyte invasions (Essl et  al. 2013a). Here, we 
use this data set for a comprehensive analysis of the environ-
mental and anthropogenic factors driving bryophyte inva-
sions. In particular, we ask the following questions: 1) which 
climatic, environmental and socio-economic attributes of 
the recipient as well as of the native regions aff ect invasion 
probabilities? 2) Does the importance of explanatory vari-
ables vary between diff erent stages of the invasion process 
(casual vs naturalized occurrence) or between known alien 
and cryptogenic species? 3) Does the size of the alien range 
(number of invaded regions) diff er between alien bryophytes 
with diff erent niche breadths (   diff erent numbers of 
ecosystems and substrates invaded)? 
 Material and methods 
 Study regions 
 We here provide a condensed description of the study region 
selection and species data compilation (for details see Essl 
et  al. 2013a). Data were collected for only those national and 
subnational regions for which comprehensive and up-to-date 
data sets (see below) on the distribution of alien bryophytes 
were available. In total, these were 82 temperate and subtrop-
ical regions from all fi ve continents and oceanic islands, with 
57 of them located in the Northern Hemisphere (European 
countries and islands, US federal states, east Asian countries) 
and 25 in the Southern Hemisphere (provinces, federal states 
or islands of South Africa, southern South America, Oceania 
incl. New Zealand and Australia, and maritime islands of 
the Southern Hemisphere). For large countries (e.g. USA, 
Australia) and when distribution data resolution permitted 
we used sub-national regions in order to refi ne the spatial 
resolution in our data set. Region size varies roughly between 
 ∼ 5000 – 300 000 km 2 , although 10 regions (mostly islands) 
are smaller and 15 regions are larger (Supplementary 
material Appendix 1). As the spatial distribution of data on 
bryophyte invasions is skewed towards extra-tropical regions 
with a strong tradition in fl oristic and taxonomic research 
(Mutke and Geff ert 2010, Essl et  al. 2011a), tropical regions 
are only represented by few (sub)tropical islands (Hawaii, St 
Helena, Ascension). 
 Species invasion data and variables 
 Taxonomy follows the treatment in the most authorita-
tive continental fl oras, and only accepted species (using the 
PlantList database,   www.theplantlist.org  ) have been 
used in the analyses. Species data (distribution, habitat 
affi  liation, pathways) have been extracted from a variety of 
literature sources on alien bryophytes (see Appendix S3 in 
Essl et  al. 2013a). 
 Based on the terminology proposed by Py š ek et  al. (2004), 
alien bryophytes were classifi ed for each region according 
to their invasion status as casuals (only small, not self-
sustaining populations) or naturalized (at least one persistent 
population of considerable size). Th is assessment was under-
taken by the fi rst author based on information provided 
in the data sources (Supplementary material Appendix 2). 
Direct evidence for introduction is available only for a 
limited number of bryophytes; we thus also considered 
species that have likely been introduced from elsewhere 
(based on factors such as lack of historical records, anoma-
lous geographical distribution, association with some means 
of human transport, S ö derstr ö m 1992, Essl et  al. 2013a) 
as probable aliens, classifi ed them as  ‘ cryptogenic ’ , and inves-
tigated their eff ect on results through a separate analysis. 
490
 Th e native range of each alien bryophyte species as well 
as each of the 82 study regions was allocated to continents 
(based on national and continental fl oras and distribution 
atlases, Supplementary material Appendix 2), to hemi-
spheres, and to zonobiomes; the latter classifi cation distin-
guishes nine zonobiomes according to the combination of 
prevailing macro-climatic regimes and dominant vegetation 
types (based on the zonobiome distribution map of Breckle 
1999, Supplementary material Appendix 1). From these 
data we calculated the number of continents, respectively 
zonobiomes, encompassing species ’ native ranges. 
 Finally, for each species we collated the following infor-
mation: introduction pathways (accidental introduction as 
contaminant or hitchhiker with soil or ornamental plants; 
accidental import by unknown means; intentional intro-
duction), identity and number of ecosystems and substrates 
colonized in the alien range. We distinguished the follow-
ing ecosystem types: fi elds and ruderal vegetation, natural 
grasslands, anthropogenic grasslands (gardens, parks, cem-
eteries), walls and rocks, freshwater aquatic, wetlands (mires, 
shore vegetation of water bodies), forests, greenhouses, and 
unknown. Th e substrate categories we considered were peat, 
soil and litter, epiphytic and dead wood, rocky surfaces, 
water surfaces, and unknown. 
 Region variables 
 For each study region we collated data on several features 
(see Supplementary material Appendix 1 for an overview) 
which we assumed might infl uence invasion success of 
alien bryophytes. Each study region was uniquely assigned 
to a hemisphere, a continent, and a zonobiome (accord-
ing the concept of Breckle 1999). Th e latter classifi cation 
distinguishes nine zonobiomes based on the combination 
of prevailing marco-climatic regimes and dominant vegeta-
tion types. In a few cases, a study region fell into more than 
one zonobiome. In such cases we assigned the region to the 
zonobiome which covers the major part of the region. Each 
region has further been classifi ed as either an island or part 
of a continental landmass. Th e average climate of the region 
was characterized by mean annual temperatures and annual 
precipitation sums (taken from   www.worldclim.org  , 
Hijmans et  al. 2005). 
 We further linked recipient region locations to species ’ 
native distributions by means of two binary indicator 
variables stating whether a) a species ’ native distribution is 
exclusively restricted to the complementary hemisphere than 
the recipient region ’ s hemisphere, and b) if the recipient 
region ’ s zonobiome is identical with the zonobiomes from 
the native range (zonobiome congruence). 
 Socio-economic status has been shown to have a major 
impact on invasion patterns at large scales (Cassey et  al. 
2004, Taylor and Irwin 2004, Hulme 2009, Kueff er 
et  al. 2010, Perrings et  al. 2010, Py š ek et  al. 2010, Essl et  al. 
2011c). Here we used invaded regions ’ mean human pop-
ulation density (people km  – 2 ) and current per capita gross 
domestic product (GDP; in USD for the year 2000) as prox-
ies of economic strength (both taken from Maddison 2006). 
Th ese variables encompass diff erent, but complementary, 
human pressures which are known to be linked to biologi-
cal invasions (Perrings et  al. 2010, Py š ek et  al. 2010, Essl 
et  al. 2011c). Th ey are also related to human disturbance of 
natural systems, habitat modifi cation, and agricultural inten-
sifi cation, as well as to horticultural activity (Hulme 2011). 
 As a region-specifi c proxy for introduction eff ort we used 
the proportion of exports of the GDP (in the year 2000, 
taken from Maddison 2006), a measure for the openness 
of an economy and which represents a composite indica-
tor for the likelihood that spores or living bryophytes are 
transported. We acknowledge that a species-wise measure 
of introduction eff ort into a region (as used by Py š ek et  al. 
2009 for tree species in the Czech Republic) would be a 
better measure for realized introduction eff ort; however, 
at the global scale and in particular for bryophytes, which 
are nearly exclusively introduced unintentionally (Essl et  al. 
2013a), such data were unavailable. 
 To account for potential species area relationships, 
we included the total land area of the study region in all 
analyses. Correlations of the regions attributes and species 
variables used in the analyses are given in Supplementary 
material Appendix 3. 
 Statistical analyses 
 Th e dependence of invasion probabilities on the set of 
region- and species-wise covariates was assessed by means of 
generalized linear mixed eff ects models (GLMMs) (Faraway 
2006) for a binary response. 
 We fi tted three diff erent GLMMs: to evaluate a species ’ 
probability to occur outside its native range we 1) combined 
observations of casual and naturalized alien populations 
and of cryptogenic records, into one category  ‘ alien pres-
ence ’ and contrasted it against alien absence (model A), 2) 
repeated this analysis, excluding cryptogenic occurrences 
(model B); and fi nally, 3) evaluated the species ’ probability 
of becoming naturalized upon having been introduced, by 
building a separate model contrasting naturalized against 
casual and cryptogenic records combined (model C). Th e 
fi rst two models hence assess the likelihood for species to 
occur outside their native range, while model C takes a dif-
ferent approach and distinguishes between levels within the 
invasion hierarchy. Th e resulting sample sizes for the three 
models were: n    8884 (model A), n    8777 (model B) and 
n    418 (model C). 
 Th e binomial GLMMs used the logistic inverse link 
function which, besides being the canonical link, was chosen 
as it is well-known from logistic regression. To account for 
correlative eff ects of spatial autocorrelation, climatic similar-
ity and taxonomy, the GLMMs included normally distributed 
random eff ect intercepts with study region, its zonobiome as 
well as species identity as orthogonal grouping variables. 
 All other independent variables were considered as fi xed 
eff ects. Th ese were eight variables (region being either con-
tinental or an island, region hemisphere, region area, region 
temperature and precipitation, region human population 
density, per capita GDP, exports proportion of exports in 
GDP) which refer to attributes of the recipient regions 
(Supplementary material Appendix 1). In addition, fi ve 
predictors which refer to species attributes were used: the 
number of introduction pathways, ecosystems and sub-
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moderate multi-collinearity problems given by  κ    100, and 
for all fi nal models a maximum value of  κ    8.9 suggests that 
multi-collinearity was never problematic. 
 Finally, we tested if invasion success in terms of range size 
diff ers between alien bryophytes which are associated with 
diff erent habitat types, i.e. ecosystems and physical sub-
strates on which the bryophytes grow on. Th e diff erences 
between ecosystems and substrate types were visualized by 
box-and-whisker plots. 
 All analyses were conducted using R (R Development 
Core Team), with the GLMMs fi tted by the function glmer 
of the package lme4. 
 Results 
 Distribution of alien bryophyte species 
 In total, 139 bryophyte species (106 mosses, 28 liver-
worts, 5 hornworts) are considered to be alien or crypto-
genic in at least one of our study regions (Essl et  al. 2013a) 
(Fig. 1). In total, 79 species (61 mosses, 16 liverworts, 
2 hornworts) are naturalized in at least one study region, 
and 19 further show casual occurrences. For 41 species 
(37 mosses, 1 liverwort, 3 hornworts) occur cryptogenic 
populations outside their native ranges. 
 Determinants of the probability of becoming alien, 
naturalized or cryptogenic 
 Th e GLMM for combined alien (casual and naturalized) and 
cryptogenic bryophyte species occurrence shows that islands 
are more invaded than continental regions, and that the 
likelihood that a species becomes alien or cryptogenic 
increases with the number of continents the species is native 
to (Table 1A, Fig. 2). In addition, zonobiome congruence 
and socio-economic factors (human population density) 
contribute to higher alien and cryptogenic bryophyte num-
bers. Interestingly, the model suggests that climatic variables 
(mean temperature and precipitation) do not aff ect bryo-
phyte invasions at the scale of this study (i.e. sub-national 
regions and countries). Bryophyte species which invade 
a broader range of ecosystems in their alien range are also 
more widespread, whereas neither the number of substrates 
colonized nor the number of introduction pathways con-
tribute signifi cantly to invasion success in terms of number 
of regions invaded. As expected, larger regions show higher 
numbers of alien bryophytes, albeit this eff ect is of only 
moderate importance. Excluding cryptogenic species does 
not alter these results much: the fi nal GLMM for alien 
bryophyte (naturalized and casual) species retains the 
same variables with only slight diff erences in their relative 
importance (Table 1B). 
 However, when analysing just naturalized bryophyte 
occurrences (Table 1C, Fig. 3), the identity and importance 
of explanatory variables in the fi nal GLMM changed more: 
the number of continents an alien species is native does 
not drive this invasions step, while naturalizations occur 
more frequently on islands, regions of the complementary 
hemisphere if a species ’ native range is restricted to one 
hemisphere and among species which invade more ecosystems. 
strates, and the number of continents and zonobiomes of the 
native distribution (Supplementary material Appendix 4). 
We further combined region and species information to 
calculate two binary indicators: zonobiome matching assessed 
if invasions were fostered by the fact that the native range of 
the focal species, or parts of it, belong to the same zono-
biome as the recipient region, and hemisphere exclusiveness 
assessed if the native range was exclusively restricted to the 
complementary hemisphere than the recipient region. 
 No interactions or non-linear terms were considered. 
We note that a binomial GLMM with the response at the 
species-region combination level not only retains a greater 
amount of information than e.g. a Poisson model based on 
cumulative region (or species) invasion numbers, but also 
makes the joint use of region- and species-based predictors 
possible. 
 To improve symmetry, linearity and to stabilize variances, 
numerical predictors were both subjected to appropriate 
power transformations (raised to powers of 0.5, 0.25, or 
taking the log) if so indicated, and subsequently studentized 
(subtraction of sample mean and division by sample stan-
dard deviation) to aid models ’ numerical stability and allow 
for direct comparisons of predictor coeffi  cients ’ magnitudes. 
 For all models independent step-wise variable selection 
procedures were conducted to derive fi nal models identi-
fying the major invasion drivers among the set of all can-
didate predictors. Variable selection was hampered by two 
issues: fi rst, established model comparison methods such as 
Akaike ’ s information criterion (AIC) respectively the variant 
adjusted for fi nite sample size and which was used here (AIC c , 
Burnham and Anderson 2002) are not directly applicable to 
mixed models. Second, predictors are partially correlated, 
and if jointly added to a model may yield numerically unsta-
ble models (Montgomery et  al. 2001, Faraway 2006). Hence 
we did not follow a fully automated selection procedure, but 
instead conducted a semi-automatic step-wise model selec-
tion: commencing at both an intercept-only null model and 
a full model as starting points, at each step changes to the 
present predictor sets were systematically explored by either 
adding a new or removing an included predictor; the result-
ing competing models were subsequently ranked based on 
a combination of likelihood statistics (AICc), individual 
predictor performance (p-value), and residual analyses. For 
GLMMs of alien occurrence probabilities (models A and B) 
these three criteria provided unambiguous assessments of the 
updated model at all search steps, while for the invasion hier-
archy status GLMM (model C) with much smaller sample 
size a divergence between AICc on the one hand and p-
values on the other hand occurred occasionally; in case of 
discrepancies, preference was given to p-values (which tend 
to be conservative measures in mixed-models; Faraway 2006). 
No interactions or non-linear terms were considered. 
 To identify potential eff ects of multi-collinearity among 
predictors, we performed an eigensystem analysis of both the 
full predictor matrices (   the model-search starting point) 
and fi nal models (   model-search results) by comparing the 
ratio of largest to smallest eigenvalues (denoted as the con-
dition number,  κ ; Montgomery et  al. 2001); the lower this 
value, the less multi-collinearity expressed. With a maximum 
value of  κ    28.4, the condition numbers for all full-predic-
tor matrices were consistently below the critical threshold of 
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Figure 1. Locations of the 82 study regions (shaded), the number of cryptogenic and alien (naturalized, casual) (A), alien (naturalized, 
casual) (B) and of naturalized (C) bryophyte species recorded in each of them. 
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 Table 1. The generalized linear mixed effects models (GLMMs) with 
binary response variable of whether each of 139 bryophyte species 
(A) occurs as alien (casual, naturalized) including cryptogenic, (B) as 
alien excluding cryptogenic records, and (C) once alien further also 
naturalize in 82 study regions. Models were derived from a system-
atic step-wise search procedure based on a total of 15 candidate 
predictors (Material and methods). Random effect intercept terms 
with region, zonobiome and species taxon as (orthogonal) grouping 
factors acknowledge for spatial, climatic and taxonomic correlations 
among the data. Interval predictor variables were studentized and 
coeffi cients ’ magnitudes hence resemble relative importance. 
Estimated standard deviations of random effects: (A) region: 0.94; 
zonobiome:    0.01; taxon: 0.76; (B) region: 0.97; zonobiome:    0.01; 
taxon: 0.93; (C) region:    0.01; zonobiome: 0.42; taxon: 1.36. 
Predictor coeffi cient std. error p-value
(A)
Intercept   4.81 0.21    0.0001
Species variables
Ecosystem types colonized 
(sum)
0.77 0.09    0.0001




Island 1.61 0.33    0.0001
Area 0.56 0.15    0.001
Human population density 0.38 0.13 0.002
Species   region variables
Zonobiome congruence 0.67 0.16    0.0001
(B)
Intercept   5.49 0.25    0.0001
Species variables
Ecosystem types colonized 
(sum)
0.88 0.11    0.0001




Island 1.72 0.35    0.0001
Area 0.47 0.16 0.004
Human population density 0.36 0.14 0.008
Species   region variables
Zonobiome congruence 0.74 0.19 0.0001
(C)
Intercept   2.85 0.44    0.0001
Species variables
Ecosystem types colonized 
(sum)
0.75 0.18    0.0001
Region variables
Island 1.44 0.38    0.001




Human population density 0.53 0.24 0.024
GDP (per capita) 0.53 0.20 0.010
Species   region variables
Native exclusively to 
complementary hemisphere
1.61 0.45    0.001
In addition, regions in the Southern Hemisphere generally 
have higher numbers of naturalized alien bryophytes. In 
contrast to mere alien occurrence, climatic variables (mean 
precipitation) are signifi cant predictors of alien bryophyte 
naturalization. Socio-economic status (human population 
density, per capita GDP) increases the likelihood of alien 
bryophyte naturalization in a region. We note that back-
ward and forward model selection yielded similar, but not 
fully identical models: in the forward-selected model 
socio-economic variables (population density, per capita 
GDP) were replaced by the propagule pressure indicator 
(proportion of exports in GDP). 
 Ecosystem and substrate association and 
alien range 
 Besides niche breadth in terms of numbers of ecosystems 
or substrates invaded (see above), we also tested if habitat 
association infl uences alien range size. We found that aver-
age alien range sizes (expressed as number of study regions 
invaded) diff er somewhat between alien and cryptogenic 
bryophytes of diff erent ecosystems (Fig. 4A). Th e few spe-
cies invading freshwater ecosystems are most widespread, 
followed by species associated with forests and natural grass-
lands, whereas species associated with most other ecosystems 
were recorded in fewer study regions. Species with unknown 
ecosystem association are present in only few regions, pre-
sumably because these are mostly rare species for which only 
limited information is available. 
 Species associated with diff erent physical substrates show 
only moderate diff erences in average numbers of regions 
invaded (Fig. 4B). Alien and cryptogenic bryophytes asso-
ciated with rock surfaces are somewhat more widespread, 
whereas bryophytes growing on peat, soil or litter are on 
average present in the smallest number of study regions. 
 Discussion 
 Bryophyte invasions have recently become an important 
phenomenon, at least in humid temperate and subtropical 
climates of both hemispheres (Essl et  al. 2013a, b). Among 
the 82 regions surveyed here, only four states of the USA 
have not seen the addition of at least one alien or cryptogenic 
bryophyte species into their fl oras yet (Essl et  al. 2013a). 
Although, as so often in biological invasions, the factors that 
govern this variation are probably manifold and depend on 
specifi c contexts (Hulme et  al. 2008, Py š ek et  al. 2010), we 
have identifi ed some important general trends. 
 The changing importance of environmental and 
socio-economic factors 
 We found that the contribution of species attributes, 
climatic and socio-economic factors in explaining bryo-
phyte invasions diff er substantially between bryophytes at 
diff erent invasion stages. Only species ’ ecological plasticity, 
i.e. their ability to colonize a wide range of diff erent ecosys-
tems, and socio-economic factors, in particular high human 
population density, co-determine bryophyte invasions at all 
invasion stages. Alien occurrences are additionally fostered 
by zonobiome matching, whereas the climate of the recipi-
ent region per se, i.e. independent of its similarity with the 
native range ’ s climate, is of little relevance. 
 Th is result suggests that introduction eff ort (i.e. the 
number of propagules transported into a region), which is 
linked to human population density (Perrings et  al. 2010, 
Py š ek et  al. 2010, Essl et  al. 2011b), and macro-climatic 
fi ltering, which is related to the availability and frequency of 
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Figure 2. Relationships between alien occurrence proportions and (A) continental landmass vs island recipient regions, (B) divergent vs 
convergent zonobiome between native range and recipient region, and (C) number of ecosystem types colonized by species. All relation-
ships are signifi cant (p    0.0001) in the associated GLMM (Table 1A). Alien occurrence proportion refers to the proportions of naturalized 
occurrences among all alien and cryptogenic occurrences grouped by the shown variable (data points thus diff er among plots). In (C) 
horizontal jittering was applied to aid visualization of otherwise overlapping data points. 
 
Figure 3. Relationships between naturalization proportions and (A) continental landmass vs island recipient regions, (B) recipient region 
hemisphere location, (C) whether native occurrence is exclusively restricted to the complementary hemisphere, and (D) number of ecosys-
tem types colonized by species. All relationships are signifi cant (p    0.001) in the associated GLMM (Table 1C). Naturalization proportion 
refers to the successful naturalizations among all alien species grouped by the shown variable (data points thus diff er among plots). In (D) 
horizontal jittering was applied to aid visualization of otherwise overlapping data points. 
suitable ecosystems, are of particular relevance for alien bry-
ophytes at their fi rst invasion stage. Th is fi nding corroborates 
the hypothesis that in incipient invasions anthropogenic fac-
tors are particularly important in fostering spread (Py š ek and 
Richardson 2007, Blackburn et  al. 2011). By contrast, the 
climate of the recipient region per se (i.e. mean temperature, 
mean precipitation), independent of its similarity with the 
native range ’ s climatic conditions, appears to be an impor-
tant determinant of whether an alien bryophyte becomes 
naturalized. Indeed, it is well known that native bryophyte 
species numbers are highest in regions with a humid cli-
mate (Mutke and Geff ert 2010, Magill 2010). Bryophyte 
physiology is heavily dependent on the availability of 
suffi  cient external moisture; while regions characterized 
by drier climate allow for casual occurrences we argue that 
physiological stress imposes a strong fi lter on widespread 
bryophyte naturalizations. 
 Independent of climatic conditions, socio-economic 
variables, which serve as a proxy for propagule pressure and 
human modifi cation of the environment, play an impor-
tant role for bryophyte invasions. In particular, introduc-
tion eff ort, which is linked to human population density (as 
higher human population densities are positively correlated 
with the amount of trade; Perrings et  al. 2010, Py š ek et  al. 
2010, Essl et  al. 2011b), drives bryophyte invasions at all 
invasion stages. Th is fi nding corroborates the hypothesis that 
for incipient invasions anthropogenic factors are particularly 
important (Py š ek and Richardson 2007, Blackburn et  al. 
2011), while continued propagule pressure also enhances 
the probability of eventual naturalization. Th is is in concor-
dance with fi ndings from vascular plant studies which dem-
onstrated the crucial importance of introduction eff ort for 
naturalization (Wilson et  al. 2007, Py š ek et  al. 2009, Essl 
et  al. 2011b, Richardson and Py š ek 2012). Interestingly, 
the variable we used as an indicator of international trade 
volumes has not been retained in any of the fi nal models. 
Th is is surprising as bryophytes are almost without excep-
tion being introduced accidentally (Essl et  al. 2013a) and we 
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 Figure 4. Range size (shown as boxplots of the number of invaded regions per alien bryophyte species) of alien and cryptogenic bryophytes 
of diff erent habitat association, expressed as (A) the number of ecosystems and (B) substrates colonized. Bryophyte species who invade more 
than one ecosystem or substrate are counted for each habitat. For attribution to ecosystems and substrates see Supplementary material 
Appendix 2. Legend: greenh.    greenhouses (10 species), fi elds  & rud. veg.    fi elds and ruderal vegetation (52 species), anthr. grassl.   
 anthropogenic grasslands (42 species), nat. grassl.    natural grasslands (21 species), walls  & rocks    walls and rocks (20 species), 
for.    forests (24 species), wetl.    wetlands (26 species), freshw. aqu.    freshwater aquatic (3 species), unkn.    unknown (35 species), peat, 
soil  & litter    peat, soil and litter (88 species), epiph.  & dead wood    epiphytic and dead wood (16 species), rocky surf.    rocky surfaces 
(23 species), water surf.    water surfaces (5 species), unkn.    unknown (29 species). 
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 Essl et  al. (2013a) found that numbers of alien and 
naturalized bryophyte species are signifi cantly higher on 
islands than in continental regions. Other things being 
equal, island biota are functionally and taxonomically less 
diverse than continental biota, thus their resistance to inva-
sions seems to be lower. Th is result is consistent with fi ndings 
from most other major plant and animal groups (Denslow 
et  al. 2009). 
 Finally, numbers of invaded study regions are higher 
for those alien and cryptogenic species which have a larger 
native range, i.e. are native to a larger amount of conti-
nents. Native range size has been shown to be an impor-
tant correlate of invasion success in vascular plants as well 
(Py š ek and Richardson 2007), probably because it is asso-
ciated with competitiveness and ecological plasticity, and 
also with the likelihood that a species is being introduced 
accidentally. 
 Habitat association and distribution 
 Th e number of ecosystems alien bryophytes are able to colo-
nize in the recipient region signifi cantly infl uences invasion 
success at all invasion stages. Put it another way: ecological 
plasticity increases the likelihood of both becoming alien as 
well as subsequently also broad ecological niches allow alien 
bryophyte species to colonize a variety of ecosystems, thus 
facilitating range expansion because the size and connectiv-
ity of suitable habitats increase. 
 Th e number of invaded study regions as a measure of 
invasion success diff ered between alien bryophyte species of 
diff erent ecosystem and substrate associations, albeit these 
diff erences are moderate, in particular for the latter. As for 
other taxonomic groups (Chytr ý et  al. 2008, Leprieur et  al. 
2008, Essl et  al. 2011b), species attributes and habitat inva-
sibility most likely act in concert in shaping alien bryophyte 
distributions. Interestingly, alien bryophytes of strongly mod-
ifi ed ecosystems (greenhouses, artifi cial grasslands, fi elds and 
ruderal vegetation) invaded our study regions less frequently. 
Th is result is in marked contrast to invasion patterns of 
vascular plants (Chytr ý et  al. 2008, Williamson et  al. 2009) 
where alien species of anthropogenic ecosystems are more 
widespread than those of natural ecosystems. Possibly, the 
fact that the overwhelming majority of bryophytes are stress 
tolerators rather than ruderals (sensu Grime 1979) explains 
their comparatively low invasion success in strongly modi-
fi ed and usually highly disturbed ecosystems. Further, also 
in contrast to vascular plants (Richardson and Py š ek 2012), 
only few alien bryophytes (but see  C. introfl exus in eutrophi-
cated dunes; Klinck 2009) are able to colonize nutrient-rich 
habitats. 
 Conclusions 
 Our results support the general idea that consecutive 
stages of invasions are controlled and/or fostered by 
diff erent factors. For bryophytes, only human intro-
duction eff orts and ecological plasticity, or niche 
breadth, seem to be important drivers of success across 
all invasion stages, while a suite of other potentially 
important determinants, such as climatic conditions 
hence expected trade volumes to be most closely related to 
propagule pressure among all three socio-economic variables 
tested. In addition, trade volumes have been shown to be 
an important factor in vascular plant invasions (Essl et  al. 
2011c). However, as the measurement of trade in our dataset 
is a proportion (of GDP) without diff erentiating between 
source (or target) countries, this variable might actually be 
a rather imprecise indicator of relevant propagule input into 
a region. 
 Including cryptogenic species in the analyses hardly 
changed results and conclusions for alien occurrences. Th us, 
at least for bryophytes, we found no evidence that putative 
(cryptogenic) and true alien species diff er in regard to the 
factors conferring invasion success. 
 Invasibility and biogeographic context 
 Bryophyte invasions exhibit marked biogeographic pat-
terns on a global scale. Th is is true for regions being 
either continental or islands, with islands being clearly 
more prone to bryophyte invasion at all stages, and the 
Southern Hemisphere further being more exposed to 
naturalizations. For several taxonomic groups of vascular 
plants it has been shown that regions on the Southern 
Hemisphere are indeed more invaded than their coun-
terparts in the Northern Hemisphere (Essl et  al. 2011b, 
Richardson et  al. 2011). In the case of alien vascular plant 
species this phenomenon is partly explained by the fact 
that several speciose and functionally unique vascular 
plant families (e.g. Pinaceae), did not or only margin-
ally colonize the Southern Hemisphere by natural means. 
When introduced by humans, they thus probably encoun-
tered recipient communities which are more easily invaded 
due to available  ‘ niche opportunities ’ (Essl et  al. 2011b). 
Similar interpretations hardly apply for bryophytes 
which are more evenly distributed around the globe 
with no marked imbalance of hemisphere distribution 
patterns in larger taxonomic groups (Mutke and Geff ert 
2010); thus unused niche opportunities can hardly 
explain the Southern Hemisphere bias of bryophyte 
naturalizations. 
 In addition, we found that naturalized  – but not cryp-
togenic or casual  – bryophytes are more likely native to 
continents from the complementary hemisphere. Th is 
fi nding implies that distant donor regions contribute par-
ticularly strongly to naturalized bryophyte fl oras. We argue 
that this result is linked to the excellent dispersal capaci-
ties of bryophytes which have allowed them to overcome 
geographical barriers within a hemisphere without human 
assistance (Porley and Hodgetts 2005). However, crossing 
the equator by natural means presents a barrier for wind-
blown spores because of the prevailing wind directions in 
the innertropical convergence zone (Barry and Chorley 
1992). By unintentional human-aided transport of spores 
or living bryophytes this natural dispersal barrier can be 
overcome and alien species of the opposite hemisphere 
can hence invade from regions that are environmentally or 
climatically similar to their native ranges (e.g.  Campylopus 
 introfl exus in Europe, Klinck 2009;  Pseudoscleropodium 
purum in Australasia, Seppelt et  al. 2011). 
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have clearly diff erent impacts on individual invasion 
stages. For other taxonomic groups, the identity of 
factors that are relevant at each stage of the invasion pro-
cess may diff er from those that control alien bryophytes, 
but the changing importance of individual variables 
is likely to be a generic feature of biological invasions 
(Dawson et  al. 2009). 
 Our analysis also highlights some important diff erences 
among the large-scale invasion patterns of bryophytes and 
vascular plants, in particular a conspicuous cross-hemisphere 
invasion bias and a low frequency of alien bryophytes in 
habitats with high human disturbance levels. We hypothesize 
that these diff erences are due to some peculiar features of the 
former: high dispersal capacities and associated large natural 
distribution ranges make invasion of regions in complemen-
tary hemispheres more likely once humans have helped to 
overcome the natural dispersal barriers among them, while 
the low number of disturbance-tolerating bryophytes makes 
highly disturbed habitats unsuitable for the majority of 
bryophyte species. 
 Whereas some of the factors driving bryophyte invasions 
are congruent with factors controlling the invasion of vascu-
lar plants, distinctions between these two plant groups also 
emerge, which refl ect diff erences in ecological preferences 
(habitat affi  liation, climatic preferences) and dispersal capac-
ities. For instance, except for taxa which are largely absent 
from the Southern Hemisphere (e.g. conifers), there is little 
indication that vascular plants of distant regions natural-
ize more easily than those of adjacent regions (Py š ek and 
Richardson 2007, Richardson and Py š ek 2012), and alien 
vascular plant species associated with anthropogenic ecosys-
tems are more widespread than species of other ecosystems 
(Kalusov á et  al. 2013). 
 We hope that this global analysis of factors conferring 
invasion success to cryptogenic and alien bryophytes at dif-
ferent invasion stages will form a basis for further manag-
ing and studying invasions in this little-studied taxonomic 
group. In particular, comparative studies using the same 
target species in its native range and in diff erent parts of its 
alien range and using methods which have been hardly been 
used so far for studying alien bryophytes (e.g. genetic meth-
ods) are particularly needed to advance the understanding of 
bryophyte invasions. 
 It has to be noted that the potential for preventing future 
bryophyte invasions is rather limited as propagules (spores) 
of bryophytes can easily be transported accidentally, and 
once bryophytes are established, they are diffi  cult to eradicate 
(management opportunities of alien bryophytes are discussed 
in Essl et  al. 2013b). In addition, the importance of dis-
persal and reproductive species traits in conferring invasion 
success in alien bryophytes remains largely unknown, and 
the relationship between invasion success and impacts caused 
is poorly understood (Essl et  al. 2013b). However, a taxonom-
ically more balanced selection of taxa to study is an important 
contribution towards a robust theory of biological invasions. 
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